To develop a method for quantitative electron microscopic immunocytochemistry on neural tissue of CNS, we tested the extent to which ethanol treatment would improve the penetraaon of immunoreagents through vibratome sections fmed in high concentrations of glutaraldehyde without compromising ultrastructure. " v e r s e or sagittal vibratome sections (60-80 pm) of spinal cord perfused with 1% formaldehyde plus 1% or 2.5% glutaraldehyde wen washed in 50°/o ethanol for 0-70 min and stained to re-veal immunoreactivity for neuropeptide Y (NPY). Semi-thin (1 pm) or ultra-thin sections were used to assess the depth to which NPY nerve fibers in the dosal horn were stained. Without ethanol washing, immunoreactive nerve fibers were visualized only in the surface 5-10 pm of transverse or sagittal vibratome sections.
Introduction
Pre-embedding electron microscopic (EM) immunocytochemical studies often require a compromise between acceptable ultrastructural preservation and penetration of antibodies into the fixed tissue (Priestley, 1984) . If fine structure is good, antibody penetration is often poor and vice versa. Consequently, fmtives containing low concentrations of glutaraldehyde (e.g., Somogyi and U a g i , linking of tissue components. In addition, fixed tissue is often treated to enhance antibody penetration by, for example, freezing and thawing (e.g., Somogyi and 'Igkagi, 1982) or exposure to detergents (e.g., Piekut and Casey, 1983) . In a previous study (Uewellyn-Smith et al., 1985) , it was shown that immunoreagents could penetrate completely through intact myenteric ganglia from intestine that had been fixed with 0.05% glutaraldehyde, 4% formaldehyde, 0.2% picric acid, and then washed with 10% ethanol. Since all immunoreactive nerve fibers are stained after this treatment, it has been possible to quantify immunoreactive nerve fibers in wholemount preparations made from different layers of the gut d l (Llewellyn-Smith et al., 1988 , 1989 .
The purpose of the present experiments was to adapt the ethanol washing protocol for use in the central nervous system so that we could carry out similar quantitative EM immunocytochemical studies in the brain and spinal cord. Since myelin requires high concentrations of glutaraldehyde for adequate ultrastructural pres-ervation and many brain regions are heavily myelinated, we have chosen to use fixatives containing 1% or 2.5% glutaraldehyde. We have examined the effects of washing vibratome sections of fixed tissue in 50% ethanol for up to 70 min before immunocytochemical staining and have shown that penetration of immunoreagents is virtually complete in sections washed for 30 min, as long as the nerve fibers to be stained run perpendicular or oblique to the cut surfaces of the sections.
Materials and Methods
Tissue Procssing. Wista-Kyoto rats weighing 200-350 g were anesthetized with sodium pentobarbital. The blood supply to the intestinal tract was clamped off with a hemostat, as was the aorta just above the iliac arteries. Rats were heparinized through a cannula inserted into the ascending aorta and then flushed with 150-200 ml of DMEMlHam's F12 tissue culture medium (Sigma D-8900 St Louis, MO) that had been y e d with 95% CO2 and 5 % 02. Perfusion was continued at apressure of 80-100 mm Hg with either 1% glutaraldehyde, 1% formaldehyde in 0.1M phosphate buffer, pH 7.4, or 2.5% glutaraldehyde, 1% formaldehyde in the same buffer. Analytical reagent grade formaldehyde solution (Univar, stabilized over 10% methanol) was used to prepare all fixatives. After perfusion, thoracic spinal cords (segments T3-T9) and medullae were removed, post-fixed in the same fixative for 4 hr at room temperature or overnight at 4'C, and washed in several changes of phosphate buffer. Vibratome sections were usually cut the day after perfusion, although some perfused spinal cords were left in buffer for up to 7 days. The spinal cord of one animal perfused with 2.5 % glutaraldehyde was processed immediately after a 4-hr post-fixation. Sections were washed in several changes of phosphate buffer and then processed for light microscopic (LM) or EM immunocytochemistry.
For EM immunocytochemistry, variations of the method of Llewellyn-Smith et al. (1985) were compared for their ability to enhance antibody penetration into approximately 70-pm thick transverse or sagittal vibratome sections of spinal cord. Some sections were washed with 50% ethanol in distilled water for 10, 20, 30, 40, 50, or 70 min. Some sections that had been washed in ethanol were subsequently incubated in 0.1% sodium cyanoborohydride in 0.1 M phosphate buffer for 30 min. Other sections were exposed to cyanoborohydride without a prior wash in ethanol. Cyanoborohydride has previously been shown to be more reliable than borohydride for blocking unreacted aldehyde groups (Llewellyn-Smith et al., 1985) . Some sections received no treatment with ethanol or cyanoborohydride to improve antibody penetration except for a wash in buffer. For LM immunohistochemistry, 5O-pm sections of spinal cord or medulla oblongata were exposed to a 9:l mixture of absolute methanol:30% H202 for 15 min both to enhance penetration and to abolish endogenous peroxidase activity.
After several buffer washes, sections for both EM and LM immunocytochemistry were exposed to 10% normal sheep serum (NSS) in PBS containing 10 mM Tiis and 0.05% thimerosal (TPBS) for at least 30 min and were then incubated in anti-neuropeptide antibodies diluted with TPBS containing 10% NSS. Rabbit anti-neuropeptide Y antiserum (Maccarone and Jarrott, 1985) was used at a dilution of 1:16,000, rabbit anti-substance P antiserum (Auspep; West Melbourne, Australia) at 1:60,000, and a mouse monoclonal anti-enkephalin (Seralab; Sussex, England) at 1:125,000. The optimal dilutions of the primary antibodies were determined by titration and selected because they showed the highest possible number of darkly stained immunoreactive fibers with the lowest level of nonspecific background staining. Sections for EM were exposed to primary antibodies for 2-4 days and sections for LM for 24 hr. Sections were subsequendy placed in biotinylated second antibodies (Sigma) diluted 1:200 in TPBS containing 1% NSS. either for 24 hr (EM) or overnight (LM). Sections for EM were then incubated overnight in 1:1500 ExtrAvidin-peroxidase (Sigma E-2886) in TPBS; LM sectionswere incubated for 4-5 hr. All incubations were done at room temperature in sealed containers with continuous agitation. Sections were washed at least three times for 10 min (LM) or three times for 30 min (EM) in TPBS after each incubation. Immunoreactive nerve fibers were revealed by an imidazole-intensified peroxidase reaction (Straus, 1982) . with peroxide being generated by glucose oxidase (Oldfield et al., 1983) . The peroxidase reaction mixture contained 0.4 mglml diaminobenzidine. 10 mM imidazole, 0.004% NH&I, and 0.2% D-glucose in 50 mM Xis-HC1, pH 7.6. The sections were preincubated in this mixture for 10 min and then the reaction was started by adding 1 p.l of glucose oxidase (Sigma (3-6891) per ml of reaction mix. The reaction was stopped after 30 min by the addition of a large volume of TPBS.
The following tissue acted as controls: (a) sections stained with primary antibodies that had been absorbed with the appropriate antigen; (b) sections stained with primary antibodies followed by non-corresponding secondary antisera; (c) sections stained without primary antibodies: and (d) sections stained without primary and corresponding secondary antibodies.
After several washes in TPBS and then distilled water, sections for LM were mounted on chromalum slides, dried, cleared, and mounted in Depex. Sections for EM were washed in several changes of 0.1 M phosphate buffer, post-fmed in 0.5% os04 in phosphate buffer for 60 min, stained en bloc with aqueous uranyl acetate, dehydrated through a graded series of alcohol solutions and propylene oxide, and em bedded flat in Durcupan (Fluka; Buchs, Switzerland). Silver to pale-gold ultra-thin sections were cut with a diamond knife, stained with Reynold's lead citrate, and examined with a JEOL l2OOEX electron microscope.
Recommended Method 1. Perfuse animal with 1% glutaraldehyde, 1% formaldehyde or with 2.5% glutaraldehyde, 1% formaldehyde in 0.1 M phosphate buffer, pH 7.4. 2. Post-fix in the same fixative for the minimum time compatible with good ultrastructural preservation (for example. 4 hr at room temperature or overnight at 4'C). 3. Cut 60-80-pm vibratome sections so that the nerve fibers of interest run perpendicularly or obliquely through the sections. If axons follow a tortuous path, it may be desirable to cut sections in several planes. 4. Wash sections in 50% ethanol in distilled water for 30 or 40 min. 5 . After blocking in normal serum, incubate sections at room temperature for 2-4 days in primary antibody, 24 hr in secondary antibody, and at least overnight in a peroxidase-labeled detector, such as Extravidin-HRP or ABC reagent. 6. Localize the desired antigen with a peroxidase reaction. 7. Process the stained sections for electron microscopy.
Assessment of Antibody Penetration. Vibratome sections (60-80 pm) of spinal cord that had been incubated with anti-NF'Y antiserum, osmicated, and processed into resin were used to evaluate the effectiveness of the treatments to enhance antibody penetration. For qualitative studies, transverse and sagittal vibratome sections were cut in semi-thin (1 m) sections, either parallel or perpendicular to their cut surfaces. The extent of labeling of NPY-immunoreactive fibers in the superficial laminae of the dorsal horn was assessed by LM.
For quantitative studies, ultra-thin sections centered on the intermediolateral cell column in the lateral horn of five rats were collected at intervals of 10-12 pm throughout the thickness of transverse vibratome (about 70 pm) sections and mounted on Butvar-coated single-slot girds. For each animal, one ultra-thin section within 5-7 pm of the top surface of a vibratome section and one ultra-thin section near the middle of the same vibratome section (i.e. 30-40 pm from top and bottom surfaces) was assessed on the screen of the electron microscope. In the gray matter of each ultrathin section, the total number of vesicle-containing NPY-immunoreactive axon proftles and the number of NPY profiles that showed synaptic speciali-zarions were counted. The area of gray matter used for counts was determined with a digitizer pad from camera lucida drawings of semi-thin sections immediately preceding ultra-thin sections taken from the middle of the vibratome sections. The data were analyzed statistically with the Wilcoxon one-sample rest.
Results

Neuropeptide Immunoreactivity A f e r Fimtion with High Concentrations of Glutaraldehyde
Immunoreactivity for neuropeptides was preserved in medullae and spinal cords that had been fixed with 1% glutaraldehyde, 1% formaldehyde (Figure 1) or with 2.5% glutaraldehyde, 1% formaldehyde after processing for LM immunocytochemistry. The gray matter of the spinal cord was heavily supplied with SP-positive ( Figure la) and Enk-positive ( Figure 1b ) nerve fibers; the dorsal horn showed the highest density of both types of fibers. NPY-containing nerve fibers occurred predominantly in the dorsal horn and lateral horn, with very few fibers in the ventral horn (not shown). SP-, Enk-, and NPY-immunoreactive nerve fibers were prominent in the medulla, with dense plexi of all three kinds of fibers in the nucleus tractus solitarius, the ventrolateral medulla, and the substantia gelatinosa of the spinal trigeminal nucleus. NPY cell bodies were present in the dorsomedial ( Figure IC) and ventrolateral medulla. Similar dis-tributions of fibers and cell bodies were seen in material that had been stained for EM immunocytochemistry.
No immunoreactive fibers were found in spinal cord sections fixed with 1% glutaraldehyde, 1% formaldehyde and stained with either anti-NPY absorbed with IO4 M NPY, anti-SP absorbed with M SP9 or anti-Enk absorbed with either M Met-Enk or M Leu-Enk. Sections incubated in primary antibodies followed by secondary antibodies raised to IgG of inappropriate species, sections incubated without primary antibodies, and sections incubated without primary and secondary antibodies also showed no immunoreactive nerve fibers.
Antibody Penetration into Vibratome Sections
Qualitative Assessment. Antibody penetration was evaluated qualitatively for nerve fibers that ran perpendicular to the cut surfaces of vibratome sections and for nerve fibers that ran parallel to the cut surfaces of sections. The superficial laminae of the dorsal horn contain a myriad of NPY-immunoreactive nerve fibers oriented along the long axis of the spinal cord. Slicing transversely through the spinal cord therefore yielded a large population of fibers that had cut ends at both surfaces of the vibratome sections, whereas slicing sagittally gave preparations of nerve fibers that ran parallel to the cut surfaces of the sections. NPY-immunoreactive nerve fibers in the intermediolateral cell column of the spinal cord were also examined for comparison with fibers in the dorsal horn. Most mperiments were performed on tissue that had been fixed with 1% glutaraldehyde, 1% formaldehyde, but spinal cords from two animals fixed with 2.5% glutaraldehyde, 1% formaldehyde were also examined.
bene fixed with either 1% glutaraldehyde, 1% formaldehyde or 2.5% glutaraldehyde, 1% formaldehyde.
In transverse sections washed with 50% ethanol for 10 min, many more NPY-immunoreactive nerve fibers could be followed through the thickness of sections than after buffer washing or cyanoborohydride treatment. After 30 min in 50% ethanol the staining pat-No Eeutment or Cyunobombydride Treatment. After buffer washing alone or treatment for 30 min with 0.1% cyanoborohydride, penetration of anti-NPY antibodies into transverse or sagittal sections through the spinal cord fixed in either fixative was poor. In transverse sections, NPY-positive fibers were found almost mclusively within 5-10 pm of the surface of the sections. but rare immunoreactive fibers were found to traverse the entire thickness ofthe section. The small number of fibers that were entirely stained decreased with increasing time between perfusion and immunocytochemical processing. In sagittal sections, only those NPYcontaining nerve fibers that lay close to the surfaces of the sections were labeled in the dorsal and lateral horns; no stained fibers could be found farther than about 5 pm from the cut surfaces of the sections.
Etbunol Feutment. Treatment with 50% ethanol in distilled water significantly increased the penetration of immunoreagents into transverse or sagittal sections through spinal cords that had tern was the same as achieved with processing for LM immunohistochemistry. so that virtually all of the NPY fibers in the dorsal horn could be followed from one surface of the section to the other. In semi-thin sections cut perpendicular to the cut surfaces of the vibratome sections, NPY-immunoreactive nerve fibers in the dorsal horn were stained throughout the thickness ofthe smions ( Figure  2a ). Furthermore, semi-thin sections cut parallel to the surface of the vibratome sections showed that the labeling pattern was similar at the surface of the sections as in their centers (Figures 2b and  2c ). Exposing transverse sections to 50% ethanol for 40 or 50 min did not change this labeling pattern. A similar effect on the staining of NPY nervt fibers in the intermediolateral cell column in the lateral horn was seen with increasing time in 50% ethanol. The effectiveness of washing with 50% ethanol did not appear to be decreased by increasing the time between perfusion and EM immunocytochemical processing; it was still possible to achieve complete penetration of anti-NPY antibodies into transverse vibratome sections of tissue that had been left for a week in buffer before sec-tioning and then treated with ethanol for 30 min. Ethanol washing without subsequent cyanoborohydride treatment was equally good at increasing immunoreagent penetration as treatment with both ethanol and cyanoborohydride (see also Llewellyn-Smith et al., 1990b) . A 30-min treatment with 50% ethanol was also effective for staining completely SP-and Enk-immunoreactive nerve fibers in transverse sections of spinal cord and nerve fibers immunoreactive for any of the three peptides in transverse sections of medulla.
The effect of ethanol treatment was similar in sagittal sections, in that more and deeper nerve fibers were labeled with ethanol treatment than without. NPY-immunoreactive fibers that were sectioned obliquely so that they had cut ends at both surfaces of the section were completely stained after 30 min in 50% ethanol. However, NPY nerve fibers oriented parallel to the surfaces of the sagittal sections and running through their middles were not labeled (Figure 3) . even after 70 min in 50% ethanol. In contrast to transverse sections, the time between fixation and processing affected the penetration of antibodies into sagittal sections. Sections from spinal cords cut and treated with ethanol within 24 hr of perfusion had immunoreactive fibers much deeper than sections from a tissue that had been stored in buffer for longer periods. This difference was particularly noticeable when sagittal sections from a spinal cord that was perfused with 2.5% glutaraldehyde, post-fixed for 4 hr, and then stained immediately were compared with sections from a similarly perfused and post-fixed spinal cord that had been stored in buffer for 2 days.
Ethanol treatment had no significant deleterious effects on the ultrastructure of central nervous tissue (Figures 4 and 5 ). Although increasing time in 50% ethanol appeared to cause a decrease in the amount of cytoplasmic matrix in neurons, their plasma membranes were still intact even after a 5O-min wash. Peroxidase reaction product from the immunocytochemistry was well localized within vesiculated (Figures 4b-4d and 5 ) and non-vesiculated nerve fiber profiles, regardless of the washing time. In the dorsal horn, EM cross-sections through transverse vibratome sections showed that there was very little nonspecific staining at the surfaces of the sections and that the ultrastructure in this area was good despite some mechanical damage (Figures 4a and 4c ). Well-stained nerve fiber profiles were present not only at the surfaces of the sections (Figures  4a and 4c ) but also in their middles (Figures 4a and 4b) . A few NPY-immunoreactive axon profiles in the dorsal horn formed synapses (Figure 4d ). In vibratome sections through the lateral horn, SP-( Figure Sa) and Enk- (Figure 5b ) immunoreactive synapses were easily found. Quantitative Assessment. The qualitative studies above strongly suggested that when nerve fibers had cut ends at both surfaces of a 60-80-pm vibratome section, it was possible to immunostain them completely by treating the sections with 50% ethanol for 30 min. This was tested in five rats by comparing the numbers of vesiculated NPY-immunoreactive axon profiles and of NPY synapses in ultra-thin sections near the surfaces and in the middles of vibratome sections through the intermediolateral cell column of spinal cord segment T9 (Table 1 ). These results show that the numbers of NPY-positive varicosities and synapses in the middles of the vibratome sections were comparable to or even greater than the numbers at the surfaces of the sections. The variation in the number of NPY synapses or varicosities between animals (Table 1) related to the facts that (a) NPY synapses are comparatively rare in the intermediolateral cell column and (b) NPY fibers may innervate some sympathetic preganglionic neurons more heavily than others (Llewellyn-Smith, unpublished observations). Statistical analysis of the data in Table 1 by the Wilcoxon one-sample test showed that the numbers of NPY axon profiles and NPY synapses were similar at the surfaces and in the centers of the vibratome sections (p = 0.36 for NPY profiles and p = 0.79 for NPY synapses).
Discussion
The major finding of this study is that washing with 50% ethanol dramatically improves the penetration of immunoreagents into vibratome sections of spinal cord and medulla. When nerve fibers that had cut ends at both surfaces of a vibratome section were exposed to 50% ethanol for 30-40 min. we could reveal neuropeptide immunoreactivity along their entire length without significantly compromising their ultrastructure. This finding implies that if the section plane is chosen appropriately it is possible to visualize all neuropeptide-immunoreactive nerve fibers in a vibratome section. Consequently, this method allows the total number of immunoreactive nerve fibers or synapses in an area of spinal cord to be determined, as has been demonstrated here for NPY in the lateral horn. The use of high concentrations of glutaraldehyde with this method also means that good ultrastructural preservation is achieved, even in heavily myelinated areas of the brain and spinal cord.
The results presented here show that immunoreactivity for the neuropeptides, SP, Enk, and NPY, is well preserved after perfusion and post-fixation in solutions containing 1% or 2.5% glutaraldehyde. The distributions of SP-, Enk-, and NPY-positive nerve fibers in the medulla and spinal cord were similar to those reported previously for tissue fixed without glutaraldehyde (Chronwall et al.. 1985;  Gibson et al., 1984; Khachaturian et al., 1983; Uhl et al., 1979; Cuello et al.. 1978; Ljungdahl et al., 1978; Sar et al., 1978; Simantov et al., 1977) . Our use of relatively dilute primary antisera to stain SP. Enk, and NPY nerve fibers suggests that high glutaraldehyde fixatives may retain these antigens somewhat better than fixatives with little or no glutaraldehyde. For example, the anti-SP antiserum used here at an optimal dilution of 1:60,000 on tissue fixed with 1% or 2.5% glutaraldehyde has an optimal dilution of 1:16,000 when used on tissue fixed in 0.05 % glutaraldehyde-formaldehyde-picric acid (Llewellyn-Smith et d.,1988 ,1989 . Comparable values for the anti-Enk antiserum are 1:125,000 vs 1:20-40,000. Moreover, a sheep anti-NPY antiserum that was previously thought to be unusable on tissue fixed with more than 0.05% glutaraldehyde (Blessing et al., 1986 ) works routinely and with low background on tissue fixed with 1% glutaraldehyde at a dilution of 1:70,000 (Llewellyn-Smith et al., 1990a) . The antigenicity of enzymes involved in the synthesis of neurotransmitters is known to be preserved by fixatives containing 1% or more glutaraldehyde (Llewellyn-Smith et al., 1990b; Kosaka et al., 1986) .
We have already demonstrated that the present method has wide applicability for EM immunocytochemical studies in the central nervous system. Using this method, we have quantified nerve fibers in the intermediolateral cell column that are immunoreactive for neuropeptide Y and for the catecholamine biosynthetic enzymes, tyrosine hydroxylase and phenylethanolamine-N-methyltransferase (Llewellyn-Smith et al., 1990a . The retrograde tracer, cholera toxin B subunit, can be detected immunocytochemically after high glutaraldehyde fixation and ethanol treatment Pilowsky et al., 1992b) and we have shown peptide-and enzyme-immunoreactive synapses on sympathetic preganglionic neurons containing a gold-conjugated retrograde tracer with this method (Llewellyn-Smith et al., 1990bJ992a) . It is also possible to localize glutamate and GABA with post-embedding immunogold techniques after ethanol washing and pre-embedding peroxidase immunocytochemistry for another antigen (Liu et al., 1991; Llewellyn-Smith et al., 1992b) . Where ethanol treatment has proved most useful, however, is for studying immunocytochemically identified synaptic inputs to electrophysiologically identified neurons (Pilowsky et al., 1990 because all immunoreactive nerve fibers that contact a dye-filled neuron are revealed. Taken together, these results suggest that for many antigens there will be a combination of fixative and time in ethanol that allows all immunoreactive structures in a vibratome section to be labeled without adversely affecting fine structure.
